Purpose To examine articular cartilage and subchondral bone changes in tibiofemoral and patellofemoral joints following partial medial meniscectomy. Methods For this cross-sectional study, 158 patients aged 30-55 years, without evidence of knee osteoarthritis at arthroscopic partial medial meniscectomy (APMM), and 38 controls were recruited. MRI was performed once on the operated knee for each subcohort of 3 months, 2 or 4 years post-surgery, and the randomly assigned knee of the controls. Cartilage volume, cartilage defects, and bone size were assessed using validated methods.
Introduction
Partial meniscectomy is a common surgical procedure used to treat a symptomatic meniscal tear [1, 4] . Although its role in the management of degenerative meniscal tears is unclear [21] , it effectively relieves pain and improves function of symptomatic, traumatic meniscal tears [1, 4] . Meniscectomy has been recognized as an important risk factor for tibiofemoral osteoarthritis (OA) [5, 8, 18, 27, [34] [35] [36] . However, whether partial meniscectomy is associated with adverse effects on the patellofemoral compartment is not clear [17] . Biomechanical, histological, and immunohistochemical changes in patellar articular cartilage observed in an ovine model following bilateral lateral meniscectomy suggest an association between meniscectomy and the development of patellofemoral OA [3] . To date, the only study in humans reported increased frequency of patellofemoral OA coexisted with tibiofemoral OA 15-22 years post-surgery in a partial meniscectomy population free of radiographic knee OA at the index surgery compared with controls [17] . However, it remains unclear whether this was simply due to the coexistence of patellofemoral OA in a knee with tibiofemoral OA or whether patellofemoral OA developed as a consequence of the meniscectomy.
Magnetic resonance imaging (MRI) allows visualization of all knee tissues, with superior assessment of early structural change associated with the development of knee OA compared with X-ray [10, 15, 28] . In previous MRI studies, we showed an increased rate of knee cartilage loss over 2 years, and a greater prevalence and severity of cartilage defects over 3-5 years in tibiofemoral joint following partial meniscectomy when compared with healthy controls [9, 29] . Another MRI study found abnormal cartilage surfaces, subchondral sclerosis, and condylar squaring in tibiofemoral compartment 7-8 years following partial meniscectomy in participants with arthroscopically normal articular cartilage at the time of initial meniscectomy [42] . Moreover, changes in gait patterns are present as early as 3 months following a partial meniscectomy [37, 38] . Given the role of biomechanical factors in the pathogenesis of OA [32, 33] , it may be that tibiofemoral and patellofemoral joint changes related to knee OA may both develop early after the initial surgery. It remains unknown whether time from surgery is associated with the development of morphological alterations in the tibiofemoral and patellofemoral compartments.
Since there is currently very limited literature on the relationship between development patellofemoral OA and partial knee meniscectomy, we used this cross-sectional study to identify whether patients who had previously undergone arthroscopic partial medial meniscectomy (APMM) 3 months, 2 or 4 years prior exhibited morphological differences in tibiofemoral and patellofemoral joints assessed by MRI compared with healthy controls. A second aim was to determine whether time from APMM was related to morphological differences in tibiofemoral and patellofemoral joints. It was hypothesized that patients undergoing APMM would have morphologic differences in their tibiofemoral and patellofemoral joint in comparison with un-operated controls, and these differences would increase with time from surgery.
Materials and methods

Participants
For this study, participants recruited for three separate studies, two based in Perth and one based in Melbourne, Australia were included. All studies used the same inclusion and exclusion criteria. The protocol was approved by University of Western Australia and University of Melbourne Human Research Ethics Committees. All participants provided their informed written consent prior to starting the study. Individuals who had undergone arthroscopic partial meniscectomy (APM) at orthopaedic clinics in Perth or Melbourne were identified by their surgical billing codes. Initially, surgical records of these individuals were reviewed and potential participants excluded if they were younger than 30 or older than 55 years, or if their surgical records indicated that they had lateral meniscal resection; [33% of their medial meniscus resected; [2 tibiofemoral cartilage lesions; a single tibiofemoral cartilage lesion greater than 10 mm in diameter or exceeding 50% of cartilage thickness (i.e., [2a cartilage lesion); concomitant knee ligament damage or signs of knee OA. Individuals that met the initial inclusion criteria were sent an information sheet by mail. They were contacted by telephone approximately 1 week later and invited to undergo further screening. During the telephone screening, the following secondary exclusion criteria were applied: previous lower limb bone or joint injury (other than that leading to the meniscectomy); history of knee pain; clinical or structural signs of OA; post-operative complications; cardiac, circulatory or neuromuscular conditions; diabetes; stroke; multiple sclerosis and contraindication to MRI. Further entry into this study was limited to those who had undergone isolated APMM. One hundred and fifty-eight participants met the eligibility requirement and agreed to participate (Fig. 1) .
Three independent groups were created ( Table 1 ). The four-year post-surgical group had MRIs taken 41-75 months post-surgery. The two-year post-surgical group underwent MRI 25-32 months post-surgery. The threemonth post-surgical group underwent MRI 1-7 months post-surgery. The control group consisted of 38 individuals aged 30-55 years who responded to advertisements in newspapers and university emails. Control group exclusion criteria were the same as the APMM group, except for the baseline surgical criteria. They presented with apparently healthy knees.
MRI assessment of knee structure MRI of the patients' operated knee and a randomly assigned knee of the controls was performed on a 1. Medial tibiofemoral cartilage defects, n (%) 8 (21) 23 (43) 30 (48) 24 (59) Lateral tibiofemoral cartilage defects, n (%) 12 (32) 24 (44) 24 (38) 18 (44) Patella cartilage defects, n (%) 1 (3) 5 (9) 12 (19) 10 (24) Values expressed as mean ± SD, or number (%) whole body magnetic resonance unit (Four-Year, ThreeMonth and Control Groups: Magnetom Symphony, Siemens, Erlangen, Germany; Two-Year Group: Phillips, Philips Medical Systems, Eindhoven, the Netherlands), using the sequence and parameters as previously described [29] . Body mass and height were measured in light clothing and no footwear, and body mass index (BMI) calculated. Cartilage defects (see Fig. 2 ) were graded in tibiofemoral and patellofemoral compartments using a classification system previously described where grade 0 represents normal cartilage and grade 4 full-thickness cartilage wear with exposure of subchondral bone [14] . A prevalent cartilage defect was defined as a cartilage defect score of C2 at any site. Intra-and inter-observer reliability (expressed as intra-class correlation coefficient) were 0.89-0.94, and 0.85-0.93, respectively [14] . Tibial and patellar cartilage volumes were measured to the nearest 1 mm 3 using the software ImageJ (National Institutes of Health, USA) and Osiris (University Hospitals of Geneva, Switzerland), respectively [43] . Coefficients of variation (CVs) for cartilage volume measures were 3.4% for medial tibial, 2.0% for lateral tibial [43] , and 2.6% for patellar cartilage [24] . Cross-sectional area of tibial plateau (see Fig. 3 ) was measured to the nearest 1 mm 2 using Osiris from axial images [41] . Patellar bone volume (see Fig. 3 ) was measured to the nearest 1 mm 3 by using the same method as for cartilage volume [24] . CVs for the medial and lateral tibial plateau areas, and patellar bone volume were 2.3, 2.4% [43] , and 2.2% [24] , respectively. All measures were performed by independent trained observers, with independent random cross checks blindly performed by a different trained observer, all blinded to clinical and group status.
Statistical analysis
Statistical analyses were performed on the outcomes variables of prevalence of cartilage defects, cartilage volume, and bone area/volume. The prevalence of cartilage defects was a dichotomous variable, and thus, binary logistic regression was used. Cartilage volume and bone area/ volume showed normal distribution, and thus, linear regression was used. Multivariate regression models were constructed to explore the relationship between meniscectomy-related variables and knee cartilage and bone, adjusting for potential confounders of age, gender, BMI, MRI resource (different MR scanners), cartilage volume and bone size for cartilage defects, and bone size for cartilage volume. P values \0.05 were considered statistically significant. All analyses were performed using the SPSS statistical package (version 16.0, SPSS, Chicago, IL).
Results
The characteristics of study participants are presented in Table 1 .
After adjustment for the confounders, APMM patients had an increased prevalence of medial tibiofemoral and patellar cartilage defects compared with the controls (Table 2) . Time from APMM was positively associated with the prevalence of patellar cartilage defects, and weakly positively associated with the prevalence of medial tibiofemoral cartilage defects. No significant relationship existed between prevalence of lateral tibiofemoral cartilage defects and time from APMM ( Table 2 ). Further adjustment for tibial plateau bone area or patellar bone volume did not alter the results. To determine whether the patellar cartilage defects relationships with APMM and time from APMM were due to the confounding of medial tibial pathology, medial tibial cartilage volume was included in the multivariate analyses of patellar cartilage defects. APMM (odds ratio 14.86, 95% confidence interval (CI) 1.61-137.14, P = 0.02) and time from APMM (odds ratio 1.04, 95%CI 1.01-1.08, P = 0.01) were still significantly associated with the risk of patellar cartilage defects.
APMM was not significantly associated with tibial or patellar cartilage volume after adjustment for confounders (Table 3) . Time between APMM and MRI was negatively associated with lateral tibial cartilage volume, but not significantly related to medial tibial or patella cartilage volume after adjusting for confounders (Table 3) . After adjusting for confounders, APMM and time from APMM were significantly associated with medial tibial plateau bone area, but not lateral tibial plateau bone area or patellar bone volume (Table 4) . Since there was a tendency that patients with APMM had larger tibial and patellar bone size compared with the controls (Table 1) , further adjustment for body height, a proxy measure for bone size of the knee was performed with no effect on the results.
When males and females were examined separately, similar results were observed and the direction of associations persisted for the above analyses, although due to the small numbers in each group some of the results were not significant (data not shown).
Discussion
The most important finding of this study was that APMM was related to early signs of OA in the patellofemoral as well as the tibiofemoral compartment. This study demonstrated that both APMM and time from APMM were positively associated with the prevalence of cartilage defects in the medial tibiofemoral and patellofemoral joints, independent of cartilage volume and bone size of the respective compartment, and medial tibial plateau bone area. Time from APMM was also negatively associated with lateral tibial cartilage volume. The relationship between APMM and time from APMM and patellar cartilage defects could not be explained by the concurrent disease in the medial tibiofemoral compartment since it was independent of medial tibial cartilage volume.
Previous studies have established partial meniscectomy as a risk factor for tibiofemoral OA [5, 8, 18, 27, [34] [35] [36] . These studies used radiographic knee OA as the outcome measure with most studies following up the meniscectomy population for at least 10 years. The use of radiography to assess the disease status of the knee has limited the capacity of these studies to identify the early effect of meniscectomy on articular cartilage and subchondral bone. Previous MRI studies have shown increased cartilage loss and cartilage defects and subchondral sclerosis in the tibiofemoral joint 2-8 years post-meniscectomy [9, 29, 42] . Consistent with these studies, this study showed APMM was associated with an increased risk of tibiofemoral cartilage defects, independent of tibial cartilage volume and bone area. The study also found the risk of cartilage defects increased with time from APMM. Cartilage defects have been shown to be predictors of knee cartilage loss independent of cartilage volume in both asymptomatic and symptomatic populations [12, 44] , suggesting they are markers of early cartilage pathology. A negative relationship between time from APMM and lateral tibial cartilage volume was identified, which was independent of age at APMM. Previous studies have reported that medial meniscectomy affects both medial and lateral compartment architecture [31] , and causes reduced compressive strains within the lateral tibia [6] , which may contribute to the observed alterations in lateral compartment cartilage volume. While it would be expected to see reduction in the medial cartilage volume as well this was not apparent. It is unclear why this is the case. Further investigation of the tibiofemoral biomechanics is required to better understand this result.
APMM and time from APMM were found to be positively associated with medial tibial bone area. There is emerging evidence suggesting that subchondral bone plays an important role in the pathogenesis of OA, with changes in the trabecular structure and subchondral bone expansion seen in the early stages of OA [13, 20, 22, 45] . In fact, subchondral bone expansion has been shown to be an early response to biomechanical factors such as obesity and adduction moment, occurring before any effect is seen on knee cartilage [13, 22] . The expansion of subchondral bone may reflect the architectural changes with the bone and therefore affect the mechanical properties of the subchondral bone which in turn increase the susceptibility of the overlying articular cartilage to damage [33, 41] . Subchondral bone expansion has been shown to be associated with cartilage defects and considered to be an important element in the pathogenesis of knee OA [7, 11, 14] .
Both APMM and time from APMM were found to be positively associated with the prevalence of patellar cartilage defects. Moreover, we showed that the association between APMM and patellar cartilage defects, a more sensitive measure of early OA changes than radiographic joint space narrowing, was independent of patellar cartilage and bone volume. These findings support the results from the study by Englund and Lohmander [17] showing that patellofemoral OA coexisted with tibiofemoral OA following meniscectomy. In that study, patellofemoral cartilage changes were observed at the time of index surgery in many of the OA cases, suggesting that pre-radiographic or incipient OA was present at the time of surgery and that for many of their mostly middle-aged subjects, the meniscal tear may merely have been a 'signal feature' of early OA. In contrast, participants with knee OA were excluded from our study. Furthermore, the association of APMM with patellar cartilage defects was independent of medial tibial cartilage volume, suggesting that APMM affects the patellofemoral joint independent of possible early OA changes in the tibiofemoral joint [23] . Our findings further support the notion that partial meniscectomy is a risk factor for the development of patellofemoral OA, and indicate that patellofemoral OA should be considered as an individual disease entity resulting from meniscectomy, independent of early tibiofemoral OA existence. Biomechanical studies have demonstrated that partial meniscectomy results in a reduced tibiofemoral contact area and an increased contact pressure in the knee joint [26, 39] . These changes may increase the susceptibility of cartilage to damage, thus increasing the risk of cartilage defects in the tibiofemoral joint. The APM population has been shown to exhibit increased external adduction moments during the stance phase of gait [38] . There is evidence that increased knee adduction moments are associated with increased tibial bone size in healthy women [22] and are predictive of progression of tibiofemoral OA [30] . Individuals who have undergone APM also have weaker quadriceps than healthy controls [37] , and quadriceps strength is reduced in the meniscectomized leg compared with the non-operated leg [19] . Increased quadriceps strength appears to be protective against cartilage loss in the lateral patellofemoral compartment [2] . There is evidence that medial patellofemoral OA is more likely to be associated with varus alignment, while lateral patellofemoral OA is more likely to be associated with valgus alignment [16] . Patients undergoing partial medial meniscectomy exhibit greater varus angulation on the side of surgery than the uninvolved side [25] . When coupled with quadriceps weakness seen in a meniscectomy population, a varus alignment may increase the force on the medial patellar facet and thus consequentially increase the risk of developing patellofemoral OA. Further work is needed to identify the relationships between biomechanical factors and the risk of OA in meniscectomy populations.
The control group exhibited some degree of early signs of knee joint OA, with 23% demonstrating medial knee cartilage defects, 32% lateral cartilage defects and one participant a patella cartilage defect. These values, however, are reflective of those identified in apparently healthy cohorts of similar ages [29, 40] . With regard to the findings presented, the early signs of knee joint OA in the control groups is likely to result in the controls being more similar to the APMM patients and thus diluting any effects we observed.
The limitation of this study is its cross-sectional nature. Pre-surgery MRI was not obtained; thus, we were unable to address the changes in knee morphology prior to and after the APMM. At the time of surgery, the APMM patients had no evidence of knee OA, based on arthroscopic examination and radiography; thus, it is unlikely that our findings were due to underlying knee OA. Furthermore, knee structural changes were associated with the time elapsed since APMM, suggesting an effect of the surgery itself rather than the underlying meniscal tear. Gender differences across the groups may be a potential confounder. We examined the effect of gender by both adjusting for gender in the analyses, where relationships between APMM and knee structure remained significant after the adjustment, and also sub-group analyses where males and females were examined separately. In the subgroup analyses, the relationships between APMM and knee structure persisted, although due to the smaller numbers some results were no longer significant. Ideally, it would be best to follow up the same APMM participants over the 4-year period and track changes in tibiofemoral and patellofemoral compartments. This would account for subjectspecific confounding factors. However, by using strict inclusion criteria to retrospectively select our cohort, the study accounted for many known confounding factors. Frontal plane knee alignment was not measured in the current study. However, whether this is a confounding variable or on the causal pathway warrants further examination. Using two different MRI scanners may also be a limitation. However, this was factored into the statistical analysis as a covariate and this should have accounted for any clustering effects. Another limitation of the study is the lack of information regarding the preoperative status of the meniscus, such as whether it experienced a traumatic or degenerative tear, and the morphological characteristics of the tear. These features might have an effect on the morphological changes observed in our study. However, we restricted our study population to those with isolated APMM to control for the confounding of arthroscopic partial lateral meniscectomy and excluded participants with moderate or severe cartilage lesions, concomitant knee ligament damage or signs of knee OA at APMM. This resulted in a more homogeneous population, thus allowing a more accurate assessment of the impacts of APMM on knee cartilage and bone. The results from this study and that of Englund and Lohmander's retrospective cohort study suggest there is a need to undertake further longitudinal work to better understand the relationship between meniscectomy and OA development in all compartments of the knee.
In summary, MRI evidence of morphological changes in articular cartilage and subchondral bone appears in both the tibiofemoral and patellofemoral joints in patients with isolated APMM within 5 years post-surgery. Both APMM and increased time from APMM are associated with adverse effect on articular cartilage and subchondral bone. Moreover, the association between APMM and patellar cartilage pathology was independent of cartilage morphology of the tibiofemoral joint. These findings suggest that partial meniscectomy plays a role in the pathogenesis of both tibiofemoral and patellofemoral OA. However, additional prospective longitudinal studies are needed to better understand the influence of APMM on cartilage loss and bone morphology within the knee joint. Interventions aimed at preventing meniscal injury and therefore meniscectomy will be important for the prevention of both tibiofemoral and patellofemoral OA. In addition, if meniscectomy is necessary, strategies will need to be developed that focus on both the tibiofemoral and patellofemoral compartments in order to reduce the risk of subsequent OA.
Conclusions
Partial medial meniscectomy is associated with adverse effects on articular cartilage and subchondral bone, which are associated with subsequent OA, in both tibiofemoral and patellofemoral compartments. Clinicians designing rehabilitation or OA prevention programmes for implementation following meniscectomy need to focus on both the patellofemoral and tibiofemoral compartments, rather than the tibiofemoral compartment in isolation.
